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We present the results of a search for anomalous production of diphoton events with large missing
transverse energy using the Collider Detector at Fermilab. In 202 pb~! of p collisions at /s = 1.96 TeV
we observe no candidate events, with an expected standard model background of 0.27 * 0.07(stat) =
0.10(syst) events. The results exclude a lightest chargino of mass less than 167 GeV/c?, and lightest
neutralino of mass less than 93 GeV/c? at 95% C.L. in a gauge-mediated supersymmetry-breaking model

with a light gravitino.

DOI: 10.1103/PhysRevD.71.031104

The standard model (SM) [1] of elementary particles has
been enormously successful, but it is incomplete. For
theoretical reasons [2,3], and because of the
“eevy?y + missing transverse energy (F;)” [4] candidate
event recorded by the CDF detector in Run I [5], there is a
compelling rationale to search in high-energy collisions for
the production of heavy new particles that decay producing
the signature of yy + Ep. Of particular theoretical interest
are supersymmetric (SUSY) models with gauge-mediated
SUSY-breaking (GMSB). Characteristically, the effective
SUSY-breaking scale (A) can be as low as 100 TeV, the
lightest SUSY nparticle is a light gravitino (G) that is
assumed to be stable, and the SUSY particles have masses

PACS numbers: 13.85.Rm, 13.85.Qk, 14.80.—j, 14.80.Ly

that may make them accessible at Tevatron energies [2]. In
these models the visible signatures are determined by the
properties of the next-to-lightest SUSY particle (NLSP)
that may be, for example, a slepton or the lightest neutra-
lino ( )}‘1’). In the GMSB model investigated here, the NLSP
is a j} decaying almost exclusively to a photon and a G
that penetrates the detector without interacting, producing
F1. SUSY particle production at the Tevatron is predicted
to be dominated by pairs of the lightest chargino (¥;) and
by associated production of a ;" and the next-to-lightest
neutralino ( 5(8). Each gaugino pair cascades down to two
,\7(1”5, leading to a final state of yy + F + X, where X
represents any other final state particles.

031104-3

RAPID COMMUNICATIONS



D. ACOSTA et al.

In this paper we summarize [6] a search for anomalous
production of inclusive yy + F; + X events in data cor-
responding to an integrated luminosity of 202 + 12 pb~!
[7] of pp collisions at /s = 1.96 TeV using the CDF II
detector [8]. We examine events with two isolated photons
with [n| = 1.0 and EY > 13 GeV for the presence of large
Fr. This work extends a previous CDF search [5] for
SUSY in this channel by using an upgraded detector, a
higher pp center-of-mass energy, and a larger data sample.
The analysis selection criteria have been reoptimized to
maximize, a priori, the expected sensitivity to GMSB
SUSY based only on the background expectations and
the predictions of the model. Similar searches for
diphoton + £ events have been performed elsewhere [9].

We briefly describe the aspects of the CDF II detector
relevant to this analysis. The magnetic spectrometer con-
sists of tracking devices inside the 3-m diameter, 5-m long
superconducting solenoid magnet operating at 1.4 T. A 90-
cm long silicon micro-strip vertex detector, consisting of
one single-sided layer and six double-sided layers, with an
additional double-sided layer at large m, surrounds the
beam pipe. Outside the silicon detector, a 3.1-m long drift
chamber with 96 layers of sense wires is used with the
silicon detector to determine the momenta of charged
particles and the z position of the pp interaction (Zyeex)-
The calorimeter, constructed of projective towers, each
with an electromagnetic and hadronic compartment, is
divided into a central barrel that surrounds the solenoid
coil (|n| < 1.1) and a pair of “end plugs” that cover the
region 1.1 < |n| < 3.6. The hadronic compartments of the
calorimeter are also used to provide a measurement of the
arrival time of the particles depositing energy in each
tower. Wire chambers with cathode-strip readout (the
CES system), located at shower maximum in the central
electromagnetic calorimeter, give two-dimensional profiles
of showers. A system of proportional wire chambers in
front of the central electromagnetic calorimeters (the CPR
system) uses the one-radiation-length-thick magnet coil as
a “preradiator” to determine whether showers start before
the calorimeter [10]. Muons are identified with a system of
planar drift chambers situated outside the calorimeters in
the region || < 1.0.

We select candidate events using both online (during
data taking) and offline selection requirements. Online,
events are selected for the presence of two photon candi-
dates, identified by the three-level trigger as two isolated
electromagnetic clusters [10] with E% > 12 GeV, or two
electromagnetic clusters with E2 > 18 GeV and no isola-
tion requirement. The offline event selection requirements
for the diphoton candidate sample are designed to reduce
electron and jet/7® backgrounds while accepting well-
measured diphoton candidates. We require two central
(approximately 0.05 < |n| < 1.0) electromagnetic clusters
that: (a) have EY > 13 GeV; (b) are not near the boundary
in ¢ of a calorimeter tower [11]; (c) have the ratio of
hadronic to electromagnetic energy, Had/EM, <0.055 +
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0.00045 - E¥(GeV~!); (d) have no tracks, or only one track
with p;y <1 GeV/c, extrapolating to the towers of the
cluster; (e) are isolated in the calorimeter and tracking
chamber [12]; (f) have a shower shape in the CES consis-
tent with a single photon; (g) have no other significant
energy deposited nearby in the CES.

To minimize the number of events with large f; due to
calorimeter energy mismeasurement, we correct for jet (j)
energy loss in cracks between detector components and for
nonlinear calorimeter response [13]. To avoid any remain-
ing cases where a jet is not fully measured by the calo-
rimeter, we remove events based on the azimuthal opening
angle between the f; direction and the ¢ of any jet with
uncorrected E; > 10 GeV, A¢(E7, j). We require all
events to have 10° <A@ (£, j) <170°. To reduce
beam-related and cosmic-ray backgrounds we require a
good vertex with |Zyerex| < 60 cm and reject events with
significant energy out-of-time with the collision [14].
These backgrounds can also produce £, equal in magni-
tude and opposite in direction to a photon, or to the vector
sum of the momenta of two photons if they are nearby in ¢.
In this case an event is rejected if there are potential
cosmic-ray hits in the muon chamber, within 30 degrees
of the photon, that are not matched to any track. Events are
also rejected if there is a pattern of energy in the calorime-
ter indicative of beam-related backgrounds [15]. A sample
of 3306 diphoton events pass all candidate selection re-
quirements. The f; requirement, £, > 45 GeV, is deter-
mined by the final optimization procedure that is discussed
below, after a more complete description of the
backgrounds.

Before the £} requirement, the diphoton candidate sam-
ple is dominated by QCD interactions producing combi-
nations of photons and jets faking photons. In each case
only small measured f; is expected, due mostly to energy
measurement resolution effects. Standard CDF techniques
[10] are used to estimate the individual contributions for
the sample to be 47 £ 6% vyj, 29 = 4% yy, and 24 = 4%
JjJ production. To estimate the shape of the £ distribution
of this background we use a control sample of similarly
produced events that have the same calorimetric response
and resolution. We select 7806 events that pass the same
photon Ep, Zyerex, fiducial, A¢(£;, j), beam-related and
cosmic-ray background selection requirements, but are
allowed to satisfy looser photon identification and isolation
requirements [16]. If an event is in the diphoton candidate
sample it is rejected from the control sample. The contri-
bution from ey events, discussed below, is also subtracted
from the control sample. Since the F; resolution for a
given event is a function of the sum of all the transverse
energy in the event (X E7), and we observe a small differ-
ence between the 3 E; distributions of the diphoton can-
didate and control samples, we correct the £ in the control
sample for this difference [17]. To predict the number of
events with large £, we normalize the corrected control
sample distribution to the number of diphoton candidate
events in the region £, <20 GeV, and fit the spectrum
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above 10 GeV to a double exponential. We predict 0.01 =
0.01(stat) = 0.01(syst) events with £ > 45 GeV, where
the uncertainty is dominated by differences in the predic-
tions using various control sample selection requirements,
the choice of fit function, and the statistical uncertainties of
the sample.

Events with an electron and a photon candidate (Wy —
evy, Wj— evyiue, Zy — ee?y, etc.) can contribute to
the diphoton candidate sample when the electron track
is lost (by tracking inefficiency or bremsstrahlung) to
create a fake photon. For W decays large F; can come
from the neutrinos. This background is estimated using ey
events from the data. The diphoton triggers accept electro-
magnetic clusters with tracks so they provide an efficient
and unbiased sample of these events. We find 462 ey
events before the F; requirement. Examining a Z — ee
sample, we estimate 1.0 * 0.4% of electrons will pass the
diphoton candidate sample requirements, including
charged track rejection. By multiplying the number of
observed eyf; events by the probability that an electron
fakes a photon, we estimate 0.14 = 0.06(stat) = 0.05(syst)
background events in the sample with f; > 45 GeV. The
uncertainty is dominated by the statistical uncertainty in
the fake rate and the uncertainty in the purity of the ey
sample.

Beam-related sources and cosmic rays overlapped with a
SM event can contribute to the background by producing
spurious energy deposits that in turn affect the measured
;. While the rate at which these events contribute to the
diphoton candidate sample is low, most contain large F;.
The spurious clusters can pass photon cuts. The dominant
contribution actually comes from sources that produce two
photon candidates at once, such as a cosmic muon under-
going bremsstrahlung twice. This background is estimated
from the data using a sample of events with no primary
collision and two electromagnetic clusters, multiplied by
the rate that clusters from cosmic rays pass the diphoton
candidate sample requirements. Backgrounds where only
one of the photons, or only the £, is from a noncollision
source, are estimated to be negligible. The total number of
events expected from noncollision sources in the F; >
45 GeV sample is 0.12 * 0.03(stat) = 0.09(syst). The un-
certainty includes the uncertainty in the rate that spurious
clusters pass the diphoton selection requirements and takes
into account the statistics and purity of the sample of events
with no primary collision.

The J; distribution of the diphoton candidate sample
(see Fig. 1) shows good agreement with that from the
expected backgrounds. Table I summarizes the number of
observed events and predicted backgrounds with four dif-
ferent f; requirements. There are no events with f; >
45 GeV.

Since there is no evidence for events with anomalous £
in the diphoton candidate sample, we set limits on new
particle production from GMSB using the parameters sug-
gested in Ref. [18]. To estimate the acceptance for this
scenario we generate GMSB events using ISAJET [19] with
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FIG. 1. The F; spectrum for events with two isolated central

photons with EZ > 13 GeV and |n| =< 1.0 along with the pre-
dictions from the GMSB model with a )211' mass of 175 GeV/¢c?,
normalized to 202 pb~!. The diphoton candidate sample data are
in good agreement with the background predictions. There are
no events above the f > 45 GeV threshold. The properties of
the two candidates above 40 GeV appear consistent with the
expected backgrounds.

CTEQSL parton distribution functions [20]. The production
cross sections from ISAJET are corrected by a K factor of
approximately 1.2 to match the next-to-leading order
(NLO) prediction [21]. We process the events through
the GEANT-based [22] detector simulation, and correct the
resulting efficiency with information from data
measurements.

Since electrons and photons interact similarly in the
calorimeter we investigate the efficiency of the photon
identification and isolation selection criteria by using a
control sample of electrons from Z — ee events.
Separate efficiency estimates comparing data and detector
simulation agree to within 3%. Using the simulation we
estimate that if a photon within the fiducial portion of the
detector is isolated, it has an 80% probability of passing the
identification and isolation criteria. However, the isolation
energy of the photons is predicted from the Monte Carlo to
be a strong function of the SUSY scale due to the number
and energy of the extra jets produced. We find, for ex-
ample, the single-photon efficiency to be reduced to 62% at
Mg. =170 GeV/c?. This has a significant impact on the

sensitivity. We find that the fraction of generated signal
events passing all the selection requirements, including
Fr > 45 GeV, rises linearly from 3.5% at Mf(f =

100 GeV/c? to approximately 8% at 180 GeV/c?. It re-
mains roughly flat for larger masses due to the increasing
inefficiency of the A (¥, j) selection requirement. The
relative systematic uncertainty in the efficiency of the
photon identification and isolation requirements is ap-
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TABLE I.
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Number of events observed and events expected from background sources as a function of the F; requirement. Here
“QCD” includes the yvy, vj, and jj processes. The first uncertainty is statistical; the second is systematic.

F+ Requirement Expected Observed
QCD ey Noncollision Total

25 GeV 4.01 £3.21 =£3.76 1.40 = 0.52 = 0.45 0.54 = 0.06 = 0.42 5.95 £3.25 £ 3.81 3

35 GeV 0.30 = 0.24 = 0.22 0.84 = 0.32 = 0.27 0.25 £ 0.04 = 0.19 1.39 = 0.40 = 0.40 2

45 GeV 0.01 =0.01 =0.01 0.14 = 0.06 = 0.05 0.12 = 0.03 = 0.09 0.27 = 0.07 = 0.10 0

55 GeV (negligible) 0.05 = 0.03 = 0.02 0.07 = 0.02 = 0.05 0.12 = 0.04 = 0.05 0

proximately 6.5% per photon. Other significant uncertain-
ties in the Monte Carlo model predictions are from initial/
final state radiation (10%), Q2 of the interaction (3%), and
uncertainty in parton distribution functions (5%).
Combining these numbers with the 6% luminosity uncer-
tainty gives a total relative systematic uncertainty of 18%.

The kinematic selection requirements defining the final
data sample are determined by a study to optimize the
expected limit, i.e., without looking at the signal region
data. To compute the expected 95% C.L. cross section
upper limit we combine the predicted signal and back-
ground estimates with the systematic uncertainties using
a Bayesian method [23] and follow the prescription de-
scribed in Ref. [24]. The expected limits are computed as a
function of £, photon Ep, and A¢(Fr, j) selection re-
quirements. We find that the best limit is predicted with the
selection described above for the diphoton candidate sam-

Neutralino Mass (GeV/c?)
60 70 80 90 100 110 120

CT T T T T T T]
[ CDF Il (202 pb™) ]
- Neutralino NLSP in the yy + ET channel E

—t

c X BR (pb)

iy
oI

100 120 140 160 180 200 220
Chargino Mass (GeV/c?)

FIG. 2 (color online). The 95% C.L. upper limits on the total
production cross section times branching ratio versus M- and
Mo for the light gravitino scenario using the parameters pro-
posed in [18]. The lines show the experimental limit and the LO

and NLO theoretically predicted cross sections. We set limits of
M- > 167 GeV/c¢? and Mp > 93 GeV/c? at 95% C.L.

ple, and ;> 45 GeV. The statistical analysis indicates
that the most probable expected result, in the absence of a
signal, would be an exclusion of My- less than

161 GeV/c? and Mo less than 86 GeV/c>.

In the data signal region, with £ > 45 GeV, we observe
zero events. Taking into account the 18% systematic un-
certainty we set a 95% C.L. upper limit of 3.3 signal events.
Figure 2 shows the observed cross section limits as a
function of M)?f and M}? along with the theoretical LO

and NLO production cross sections. Using the NLO pre-
dictions we set a limit of M= > 167 GeV/ c?at95% C.L.

From mass relations in the model, we equivalently exclude
My <93 GeV/c? and A < 69 TeV.

In conclusion, we have searched 202 pb~! of inclusive
diphoton events at CDF run II for anomalous production of
missing transverse energy as evidence of new physics. We
find good agreement with standard model expectations. We
find no events above the a priori ¥y threshold, and thus
observe no new eeyyf; candidates. Using these results,
we have set limits on the lightest chargino Mg- >

167 GeV/c? and Mp > 93 GeV/c* at 95% C.L. in a

GMSB model. This limits are an improvement over pre-
vious CDF and DO limits and are comparable to LEP II for
similar models [9].

We thank the Fermilab staff and the technical staffs
of the participating institutions for their vital contributions.
This work was supported by the U.S. Department of
Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
Council of Canada; the National Science Council of the
Republic of China; the Swiss National Science
Foundation; the A.P. Sloan Foundation; the Bundes-
ministerium fuer Bildung und Forschung, Germany; the
Korean Science and Engineering Foundation and the
Korean Research Foundation; the Particle Physics and
Astronomy Research Council and the Royal Society,
United Kingdom; the Russian Foundation for Basic
Research; the Comision Interministerial de Ciencia y
Tecnologia, Spain; and in part by the European
Community’s Human Potential Programme under
Contract No. HPRN-CT-2002-00292, Probe for New
Physics.

031104-6



SEARCH FOR ANOMALOUS PRODUCTION OF DIPHOTON ...

(1]

(2]

(3]
[4]

See, for example, F. Halzen and A. D. Martin, Quarks and
Leptons (John Wiley & Sons, New York, 1984); C. Quigg,
Gauge Theories of the Strong, Weak, and Electromagnetic
Interactions (Addison-Wesley, Reading, MA, 1983); L. S.
Hughes, Elementary Particles (Cambridge University
Press, Cambridge, England, 1990).

S. Dimopoulos, S. Thomas, and J. D. Wells, Nucl. Phys.
B488, 39 (1997); S. Ambrosanio, G.D. Kribs, and S.P.
Martin, Phys. Rev. D 56, 1761 (1997); G.F. Giudice and
R. Rattazzi, Phys. Rep. 322, 419 (1999); S. Ambrosanio,
G. Kane, G. Kribs, S. Martin, and S. Mrenna, Phys. Rev. D
55, 1372 (1997).

R. Culbertson et al., hep-ph/0008070.

We use a cylindrical coordinate system that defines z as
the longitudinal axis and along the proton beam axis, in
which 6 is the polar angle, ¢ is the azimuthal angle, and
n = —In[tan(6/2)]. In general, all quantities are defined
from Zyeex = 0, Ex = Esinf, and pr = psinf where E
is the energy measured by the calorimeter and p the
momentum measured in the tracking system. [ =
—YEipii; where fi; is a unit vector that points from the
interaction vertex to the ith calorimeter tower in the
transverse plane. fr is the magnitude of Fr.

CDF Collaboration, F. Abe ef al., Phys. Rev. Lett. 81, 1791
(1998); Phys. Rev. D 59, 092002 (1999).

M.S. Kim, Fermilab Report No. FERMILAB-THESIS-
2004-41 (unpublished).

S. Klimenko et al., Fermilab Report No. FERMILAB-FN-
0741, 2003; D. Acosta et al., Nucl. Instrum. Methods
Phys. Res., Sect. A 494, 57 (2002).

CDF II Collaboration, R. Blair ef al., Fermilab Report
No. FERMILAB-PUB-96/390-E, 1996.

DO Collaboration, S. Abachi et al., Phys. Rev. Lett. 78,
2070 (1997); B. Abbott et al., Phys. Rev. Lett. 80, 442
(1998); V. Abazov et al., Phys. Rev. Lett. 94, 041801
(2005); ALEPH Collaboration, A. Heister et al., Eur. Phys.
J. C 25, 339 (2002); L3 Collaboration, M. Acciarri et al.,
Phys. Lett. B 472, 420 (2000); OPAL Collaboration, G.
Abbiendi et al., Eur. Phys. J. C 18, 253 (2000); DELPHI
Collaboration, P. Abreu et al, Eur. Phys. J. C 17, 53
(2000).

CDF Collaboration, F. Abe et al., Phys. Rev. D 52, 4784
(1995); D. Acosta et al., Phys. Rev. D 65, 112003 (2002).
The fiducial region has ~87% coverage in the central
region.

To reject hadronic backgrounds that fake prompt photons,
candidates are required to be isolated in the calorimeter
and tracking chamber. In the calorimeter the isolation is
defined as the energy in a cone of 0.4 in n — ¢ space,
minus the photon cluster energy, and corrected for energy

[13]

[14]

[15]

[16]

[17]

[18]

[24]

031104-7

PHYSICAL REVIEW D 71, 031104 (2005)

loss into cracks as well as the number of reconstructed pp
interactions in the event. We require isolation <0.1 X EZ
for E}<20GeV, and <2.0GeV +0.02X (EY -
20 GeV) for EZ > 20 GeV. In the tracking chamber we
require the scalar sum of the p; of all tracks in a cone of
0.4 to be <2.0 GeV + 0.005 X EJ, where all values of EJ
are in GeV.

See F. Abe et al., Phys. Rev. D 45, 1448 (1992) for a
description of the jet-finding algorithm and the jet energy
corrections. Jets are reconstructed with a cone in n — ¢
space of radius 0.4.

We require the time of arrival of the energy in all hadron
calorimeter towers with at least 0.5 GeV to be within 30 of
the expected value.

M. Karagoz Unel and R. Tesarek, Nucl. Instrum. Methods
Phys. Res., Sect. A 506, 7 (2003).

The identification and isolation requirements for the con-
trol sample are: (a) isolation <0.15 X E} for EJ <
20 GeV, and <3.0 GeV + 0.02 X (E; — 20 GeV) for
EY >20 GeV; (b) tracking isolation <5 GeV/c;
(¢) Had/EM < 0.125; (d) at most one track, and no tracks
with pr > 0.25E;/c.

The means of the 3 E; distributions (where X E; excludes
the photon E7’s) are separated by approximately 6%. This
is most likely due to different fractional contributions
from vyvy, yj, and jj processes. The corrections are
made by taking the expected shape of the £ distribution
from the control sample as a function of 2 E;, and normal-
izing to the observed XE; distribution in the signal
sample.

B.C. Allanach et al., Eur. Phys. J. C 25, 113 (2002). We
take the messenger mass scale My = 2A, tan(B) = 15,
sign(u) = 1, the number of messenger fields Ny; = 1, and
negligibly short i} lifetimes.

H. Baer, F.E. Paige, S.D. Protopopescu, and X. Tata,
hep-ph/0001086.

H.L. Lai et al., Eur. Phys. J. C 12, 375 (2000).

The K factor has a small dependence on the §i” mass and
is taken from W. Beenakker et al., Phys. Rev. Lett. 83,
3780 (1999); and T. Plehn, http://pheno.physics.wisc.edu/
~plehn/prospino/prospino.html.

R. Brun et al., CERN Report No. CERN-DD/EE/84-1,
1987.

J. Conway, CERN Yellow Book Report No. CERN 2000-
005, 2000, p. 247. We assume a flat prior in the production
cross section up to a high cutoff; the limit is not signifi-
cantly dependent on the value of the cutoff.

E. Boos, A. Vologdin, D. Toback, and J. Gaspard, Phys.
Rev. D 66, 013011 (2002).

RAPID COMMUNICATIONS



